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Jn trod uctiOll

Lake Michigan developed primarily by ice How channeling during glacial retreats
between 11.8 and 15,5 thousand years ago. With the final retreat of the glaciers
and subsequent lowering of water levels, the lake passcd through several
configurations, finally reaching its current fonn 4-5,000 years ago (Colman et aI.,
1994; Larson and Schaetzl, 2001). The basin continues a slow rise from the isostatic
rebound after the removal of glacial ice. Lake Michigan presently has a surface
area of 57,800 km2 and volume of 4,920 km', making it the third largest of the
North American Laurentian Great Lakes and the sixth-largest Jake in the world
(Ilerdendorf, 1990). The lake is sUlTounded by a relatively small drainage basin of
only twice it'> surface area (EPA, 1995). It couples with Lake Huron at the Straits
of Mackinac in the north. and water exchanges occur in both directions (Saylor
and Sloss, 1976). Net outflow to Lake Huron, plus small diversions into the Chicago
River are the sole outlets, and only a tillY fraction (~1%) of the water volume is
lost annually by combined outflow.
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The open lake has three principal bathymetric features: southern and nonhem
basins plus a comparat.ively shallow mjd,lake sil! «100 m) th~t separates them
(figure I). The sOllthem lxlsin il; nearly symmetrical with shelves sloping downward
into the 160 m deep c.entral region. The southern bas in has the largest river input,
as well as the greatest density of municipal and industrial Activities in the lake
system. The northern basin is the deepest (maximum sounding = 28\ TIl), and the
northeastern region has a very complex topography of small ridges, valleys, and
is lands. The mid-lake high is a relativeJy shallow sill « 100 m) that ex tends outward
from the wcsLem side of the lake. 1n addition to the open lake, there are large
cmbayments in the northwestern and northeastern region, Green Bay and Grand
Traverse Bay, respectively. Green Bay is relatively shaHow with the largest single
flvcr input (Fox River) to the lake at its southern end. Grand Traverse Bay is splil
into two deep arms (160~180m) giving the bay a fjord-like character.

Sources of particulate matter

Shoreline erosion is- the major contributor ofsediments to Lake Michigan (Rae et
aI., ]98]} as it is for the other Grear Lakes ex.cept for Ontano. For Lake Michigan,
the erodable bluffs are predominantly along the southern ar,d western shore of the
lake. Although table I shows that marc sand enters the lake than fine-grained
materinls, our focus in this chapter is on the fine-gr{lined materials that are
subsequently distributed throughout the lake. The sand primarily remains in the
coastal regions of the lake. Since bluff materials constitute the vast majority of
particle input (table 1) and there were no reported compositional infolmation, we
sampled a suite of 10 bluff locations from Jndiana Dunes to the Door Peninsular
of Green Bay. The composition of the bluffs ranged from coarse sand to a sandy­
loam, witha <250~mfraetionranging from 12-68%) of the mass. This fine fraction
had an organic. carbon content of 10.8 ± 6.9 mg C g-l and 8.8 ± 5.5 mg C g-) of
inorganic carbon. The organic CIN (atomic) was 26 ± 4.

Tributaries are the second mqjor source of particulate materials to the lake.
Many of the lake tributaries drain both agricultural and municipal basins and

Table 1. Inputs of particulate matters to Lake Michigan in IO~ t yr'!

Reference Erosion River Almospnert' Total In Total QUI_....-_-..-- .

Rae. t981 Total 14.7 0.7 0.8 16.2 J6.2
* Cole,man. 1994 Mud 1.2 0.31 0.34 1.8 3.0
* Cole.uuln. J994 Sand U 0 0 3.8 0

.~.... - ......_-~ - -~~ .. ...~ ..__....--. ...... -
... (Colman and Fusler, 1994) only used dala from the soutbcnJ half of I..lIke MIChigan
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Fig. 1. Map of the gellcrnlized ~cdimen( depo~itiol\al basins (from Cahill. 1981). Dath'sl areas
represent ~gions ofmodern sediment attuQlu!;lIjon; lighl¢.<;1 rc;!,'icms llre area~ \dlcre modem ~~limel\\:)

do not /Iccumulate. WHter depth ioter....als are shown for set, 100, and 200.m.
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introduce a significant fraction of anthropogenic compounds. The Grand and Sf
Joseph Rivers, the two major tributaries to the open lake, are located on the eastern
side of the southem basin. The Fox River, discharging into southern Green Bay, is
the largest tributary but its load of solids is mainly deposited in the bay itself with
little reaching the open lake. Only minor rivers are tributary to the northern basin
and Grand Traverse Bay~ thus they are not a significant sow~e of solids to the
open Jake. Estimates of particle load from tribUlaties are summarized in table 1.
Aeolian sources of particulate matter are similar in magnitude to the tributaries.
These materials include dust and combustion by-products and are generally finer
than tributary materials.

In addition, there are several types of particulate material that <Irc produced
within the lake. The dominant primary producers are the diatoms. Theile organisms
produce an exoskeleton of amorphous silica ill addition to converting dissolved
inorganic constituents to particulate organic matter at a rate of approximately 12
mg C cm-2 yJ, using reported spring-summer vatues of primary production
(Fahnensliel and Scavia, 19&7) and half those rates for the other six months. Almost
all of the biogenic silica reminerahzes back to the dissolved fOlm (Parker et a!.,
1977) and only about 5% of the organic matter reaches the sediments (Eadie et
at., 1984) where it undergoes further decomposi t ion. There arc also th ree sources
of c-alcium carbonate. A form of calcite precipitates anDuaHy from warm surface
waters, especially in the southern part of the lake. Ancient carbonates, believed to
be predominanfly dolomile, erode from lhc Niagaran reef formations along the
~outhem and weStern shore and shallow~ of the lake. Recently, the zebra Inussels
are- producing a third source of carbonates. Much of the calcite dissolves when
the lake cools, but carbonate concelltration~ can reach concentrations of over
25% in the sediments oftile southeastem region of the lake.

Rae et al. (1981) estimated loadings to the entire lake using data from several
sources (table J). Subsequently Colma.n and Foster (1994) estimated loadings
separately of mud (fine particles) and sand for the southern basin only using some
of the same data along with a large amount of new infannalion collected in 1)

southern Lake Michigan shoreline erosion project (Folger et aL, 1994). Since most
shoreline erosion is in the southem halfof the lake, the estimate for the whole lake
used by Rae et a1., derived from (Monteith and Songolni, J976), appears to be too
high. In the earlier budget, the output teffi1 (table I) was set equal to the total input
to balance the budget In the more recent study the output teml was independelltly
estimated from sediment accumutaCion rates (Edgington and Robbins, 1976a).

Particulate matter in the water column

There are strong seasonal and vertical pattems ofsuspended material in the water
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column. In the open lake, the near surface suspended matter ranges from 0.5 to 2
mg I-I (figure 2) and is dominated by sediments resuspended in the late fall and
winter, foUowed by diatoms in spring and early summer and finally an authigenic
calcite precipitation beginning in Tate summer into e~rly fall (Eadie et aI., 1984;
Robbins and Eadie, 1991). In the water column, the particle 5ize distribution
throughout the year is predominantly between 4 and 32 f.Lm (Eadie et aI., 1990),
The late summer carbonate "whiting" event is common to all ohhe lakes except
Superior (Strong and Eadie, 1978), and the size range of the authigenicalIy
precipitating CaCO:, in Lake Michigan i& 2-16 J..trn, with an average of 7 J.lffi
(Vanderploeg et a1., 1987).

Particle settling and resllspension processes have been examined in Lake
Michigan through the use of sediment traps since the mid [970s (Eadie et al. ,
]984; Wahlgren et at, J980}. Cylindrical traps, designed for conditions in the Great
Lakes (B1oesch and Bums, 1980; Muzzi and Eadie, 2002) are moored at selected
depths to intercept materials settling to the bottom. Traps provide an efficient tool
for the co Ilcction of in tegrated samples a f seW ing materiaIs for detai leu ana lysis.
Measuring the mass collected aHows calculation of the gross downward flux- of
particulate matter and associated constituents. A mean particle settling rate is
calculated a" the ratio of mass flux to ambient suspended solids concentrations
defined as fhe mean of values obtained at start and end of deployment. A long~

tenn record from a 100 m deep site, 25 km offGrand Haven, Ml illustrates these
val.ues (t1gure J).
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Fig. 2. Sc:asonal concentmtion and organic, inorganic carbon, and non-calcite inorganic susJlended
mailer in 11ear-.~lIrface walers al a 100 In deep slle insouthcilSlcm lake Michigan in 1986. The spring
peak is primarily due 10 sediment resuspcnsion prior to thermal stratification, while the latc summer
peak is dne to CaCO, precipitation.
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Profiles of sediment traps were first deployed at the 100 m deep site in 1978
and, for most years, sampling has continued since then. The long·tenn average
mass fluxes measured from 1978 to 2002 are presented in figure 3. Throughout
2002, profiles of mass flux exhibit an exponential increase toward the bottom, a
benthic nepheloid layer (BNL) beginning within 10-20 m of the botlom (Chambers
and Eadie, 198'1; Eadie et aI., 1984). In the BNL, concentrations of sllspended
matter more than doubles, and mass fluxes show increas~s of up to a factor of
ten. There has been some speculation on the [annation and dynamics of the BNL
(Chambers and Eadie, 198!; 'Eadie et al., 1984~ Eadie and Robbins, 1987; Hawley
and Murthy, 1995) but more definitive work is needed to detemline its properties
and overall impOltance in sediment tnmsport. From late December through early
JWle, Lake Michigan is virtually isothennal and well mixed. Average fluxes during
this period are ltigh throughollt the water column. During the stratitied period
(June-December), the upper half of the waler column becomes isolated from the
large inventory ofmaterials in tbe sediments, although episodic mixing does occur
during upwellings. During this period, a strong BNt is clearly evident [rom the
mass flux profile.

Average particle settling velocities also show substantial differences berween
the two themla! periods (figure 3). During the stratified period, these calculated
settling velocities in the epilimnion (0.5- J m d-J) agree with those required to model
the long-term beha.vior of fallollt radiotracers (Robbins anel Eadie, 1991). SeUling



Composition and accumulation of recent sediments in Lake Michigan 95

velocities estimated for tlle BNL (several m d· l
) shows clearly tbat frequent

recbarging of the BNL is required in order to maintain its observed pendstence.
The BNL is a regular feature in all ofLhe Great Lakes and appears to be composed
primarily of resuspended sediments. III the shallow waters of the sheff and slope,
surface and internal waves and occasional strong currents resuspend sediments,
sorting the pUlticles and transporting them horizontally as well us vertically. The
cycle of resnspcnsion and re&eposition has the effect of producing a resuspended
!Jool composition that is rela£ively uniform within major basins of the lakes.

Long-term patterns of sediment accumulation

The first substantive efforts to examine the geology of Lake Michigan were
conducted by Houg.h (Hough. 1958). This was followed by seismic profiling of
sediment" to characterize their stratigraphy on geologic time scales by Lineback
et a!. (Lineback etal., 1970; Lineback et aI., 1971). They discerned an upper, most
recent stratigraphic unit, the Waukegan Member (age - 3,500 y) of the Lake
Michigan Formation, that was characterized by a gray silt in the center and eastern
side of the southern basin (thickness up to 9.2 01) and a brov.n silt (thickness less
than 0.3 1')1) along the western half of the southern basin and the mid-lake high
(Cahill and SbiH1p~ 1984). Surface sediment electrode potentials (Eh) were found
to be lower in the gray silt (Cahilt, 198 J), consequently they are morc reducing
than the brown silt materials. It was speculated (Cahill and Shimp, 1984) that the
more reducing conditions was caused by microbial decomposition of the organic
matter coming from the rivel1i on the soutl,eastem portion of the lake. However,
this unit was not unifonnlyresolved across the lake floor, especially in areas over
the mid rake sit! and on the western side of the Lake where modem sediment
accumulation rates ar0 known 10 be low.

A s\lbsequent study (Colman ct. aI., L994)was unable to discern a unique
Wallkegal1Member over the entire southern basin, and restricted their interpretation
to an upper (single unit) and lower (seven units) designation for the Lake Mic11igan
Fonnation. The upper unit contained the gray to brown silts and is separated from
the lower Lake Michigan Formation by the Chippewa unconformity, a transgressive
period lasting from to.3 to 4.8 ka. 'nle sediment accumulation illustmted in figure
4 (Foster and Colman, J990). represents the materials accumulated since the
Chippewa unconformity, approximately to ka. The dates are based on I~C analyses­
of carbonates and are uncorrected for the presence of old carbon in the system
(hard water effect) estimated to make the dates too old by approximately 500
years (Cotman et a1., 1994).

The Upper Lake Michigan Formation ofpostglacial sediments is asynulletric
(Cahill, 1981: Foster and Coleman~ 1990; Lineback and Gross, 1972), with the
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greatest nccwnulations found in a series of basins about 20 km from the eastem
shore and decreasi ng towards tho deepest sounding in this basin (figure 4). These
accumulation basins., with sediment thickness up to 20 m. are on the slope, and
sediment thickness decreases toward'S the deep, centra Iportions of the lake. T'herc
is essentially no accumulation of sediment on the southwestcm portion of the
basin, and little along the western side of the lake. There is also a large region in
the ~entral'part of th{; lake where sediment has not accumulated.

Recent patterns of sediment accumulatioo

Modem approaches to the measurement of sediment accumulation rates in Lake
Michigan were first applied on a suite ofcarefully collected gravity cores (Robbins
and Edgington. 1975). They used profiles of two radionuc1ides: mes, an
anthropogenic isotope (t, ,""30 Y), with <I \veJl measured source to the Great Lakes
(Robbins, 1985), produced in the abnosphenc detonation of thennOlJucJear devices;
and lloPb. (t

l
.:,==22.3- y). a nat1lra[ decay product of ~-'~U. They also developed

models necessaIy to CO:lVert t.he measurement-s into gcochronologies, Ret1ned
models, along wi.th their assumptions and limitations have been further developed
over the years (Edgington and Robbins. 1976a; Robbins and Herchc, 1993). The
tv.'o radionuclides can provide comp!ementary inforrna tion, since the (ate ofdelivery
of 1JOPb is. approximately consfant, while the derivery of the I)ies arrived as a
pulse. mostly between 1960 and 1963. Both h3 ve a high affinity for particles,
aItllOugh 1}lCS is preferentially associated with clays wh iIe the 21 °Pb is less selective,
although it does apl1t:llf to C()..precipi!ate with calcite during the annual lake wide
"whitil\gS" (Van Hoof and Andren, 1989). When compared to the steady-state
proti les. ofmpb, the pulsed I nCs data can provide intormation relating to in-lake
processes occurring from multi-year to multi-decade time scales.

Rad iomerric 3 nalysis of eight cores (Robbins and Edgington, 1975) yieldcd a
range of linear sediment accumulation rates from 0.07 100.28 em yl and surface
mixing depths (bioturbation) of 0-4 em. The accumulation rates were shown to
corretatc well with the thickness of the Waukegan Member. Subsequent analysis
of J3 cores from the southern basin (Edgington and Robbins, 1976a) provided an
estimate of the mean net mass accumulalloo rate for the basin of 7.0 mg cm-1 y-I

using both stable Pb and 2lOPb. Depth~intcgrated inventories of IJ;CS from 51
cores in the southern basin (Edgington and Robbins._ 1976b) produced an
accumulation map very similar to the high depositional region in southeastern Lake
Michigan identified in the Waukegan Member as well as the upper Lake Michigan
Fomlation (figure 4). Discontinuities in the 2\OPb profiles in two cores from the
high depositional region in the southeastern basin were correlated with major stonns
over the past century. This is the first record of stoml-induced sediment transport
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in the Great Lakes, an interpretation that hilS grown in importance over the years
(Eadie ct a1., 2002; Eadie et al.. 1996; Henuansou and Christensen, 1991 ; Mortimer,
1938). A ~ynthesis ofaH ma:-;g aCClln1ulation data results in a lake-wide average of
23 mg COy" yolo

Within a decade ofits production (Edgingtotl and Robbins, t976c: Edgington
and Robbins, 197Gb) ~37CS and (co-produced) 219+ NOpU had mO\Jed into the
depositional region in the southeastern basin producing pattems similar to long­
tenn accumulation. The detailed cormg grid in the soutbeastern depoi;itional region,
collecled in t972, was revisited in 1982 to le.st whether "focusing" of sediments
tagged with IJ7Cs was completed by 1972 or had.continued during the subsequent
decade (Edgington and Robbins, 1990). Reslihing ·contour rlot~of the two sets of
mes inventories clearly showed t:ha.t'there was a net movement from the edges
of the basin, or fmm oUl<;ide the basill, into the regions ofhighest deposition. Thus,
while the majority of sediment "focusing'" had occurred within the first- decade
lifter introduction of the- majority of the tracer, the process continued. Sediment
trap data, discussed below, has. provided further confirmation of sediment
remobilization, primarily by stmms during the unstratified pe6od. !nveotories of
radionudides, 0. any othcrcon~titl,.lenrwitha known source and post-depositional
alteration, can be used to estimate a focusing factor. This is defined as tile ratio of
the total inventOly of constituent in tbe core to the lotal amollnt delivere.(1 10 the
lake and averaged over the lake area, The definition must be modified if the lake
is not closed (no significant olltflow) with respect to a specific constituent. Both
mCs (Henmmson et aJ., 1991; Robbins, 1985) and unsupported 210Pb (Golden et
aI., \993) have been used to estimate lake wide roadings of other constituents
from a few core's. This method of estimating mean loadings based on
atmospherically delivere<:1 radionuclides is certainly not valid if there are significant

Table 2. et Mass Accumulation Rate (rng cm'~ y-')
.-.. ~_.~-------_.
Regiolt Range N Reference
- .. - n_ .-
Southern Lake MI 12 - 94 4 (Robbins and Edgington, 1975)

2-93 l6 (Edgington and Robbins. J976a)
40 I (Golden ct aL. 199.3)
1·- 7.4 S (Hc-.rmlmson and Chri~lellsen, 1991)

Nortllem Lak~ Ml 15 -- 21 3 (RHbbiM and Edgington, 1')75)

8"' J I .3 (Edg.iogton and Robbin~.1976a)
28 -- 36 2 (Golden eta!., J99.3)
.s --]4 6 (HermaMon and Christensen. 1991)

Green B<lY 23 n L8.9 5 (Hemlanson and Christensell, 199L)
2 - 155 63 (Manchester-NceSYf" et aL 1996)

Grand Traverse Bay 100 - 110 2 (Cohen, 2001)
~_.--'------""'-"",""-~'--- ~--'- -_.------ .
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point sources of constituents. Any focusillg factor calculation is approximate at
best since it assumes that a constituent of interest behave~ exactly the same as
the focusing estimator. ill fact, a recent, as yet unpublished, study has shown that,
even for inventories of mes and co-produced n91'u that entered the lake in an
essentially fixed ratio, there are systematic lake-wide differences of up to 30%.

Between 1987 and 1990, a comprehensive suice. of J23 cores or grab samples
were collected in Green Bay (Manchester-Neesvi,g ct <lL, 1996) providing detailed
map of net mass sedimentation rales (table 2) averaging twice (46 mg CIll-2 y-l)

than the open lake. Sediment accumulation was mostly concentrated in the souiliern
haJJ of the bay where values ex.ceed 70 mg cm-~ y-l (Mallchester-Neesvig et al.,
1996). Maximum accumulation in the bay is approximately twice the highest rate
found in the southeastern Lake Michigan depositional zone (table 2). Most of the
material accumulating within the bay is derived from tJJe Fox River and other
smaller river~ in the ~oulhern region of the bay. The Jlighest concentrations of
organic carbon (~5%) were also concentrated atong the southeastern region of
the bay (Cahill .. 1981).

Grand Traver~e Bay is smaller in area, but suhstantially deeper than Green
Bay. The southern portions of both arms are somewhat isolated from Lake Michigan
by a rdatively shallow sill. A suite of 67 sites were sampled with a Ponar'" grab
for surface sediments and analyzed for grain size, organic carbon, and trace metals
(Baker-Blocker el aI., 1975). The highest concentrations oforganic carbon (5.3%)
and trace elements were found in the depositional areas in the deeper regions of
both anns of the bay. Two cores, collected in the western arm in 1998 for trace
orgaolc analysis, had simiJar accumulationrales of 100 mg cm-2 y l (table 2), higher
than most sites ill the lake.

Characteristics of recent sedimel1ts

In addition to the sampling programs described above, there have been three major
whole-lake sediment sampling efforts. In 1975, the Canada Centre for Wand 'Waters
and the Jllinoi~ Geological Survey collected 2 86 samples on a systematic grid and
analyzed the upper 3 em for 48 chemical elements, Eh, pH, and grain size (Cahill,
1981; CahiH and Shimp, 1984). Interpretation of these measurements ted to
classifying the surficial sediments as being from depositional or non-depositional
areas, in general agreement with the acoustic survey data (Lineback et aI., 1970;
Lineback et aI., 197 t). Cluster <'lnd pri Ilciple component analysis demonstrnted
that anthropogenic trace metals were correlated with the fine grain sediment
fractions. and organic carbon.

Using the Cahill data ali a guide. the University ofWisconsin Sea Grant supported
the collection of ca. 80 box and (a few) gravity cores from aJl depositionat basins
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of the lake in 1992. Finally in J994·96 the EPA sponsored Lake IYfichigan Mass
Balance and Environmental Monitoring and Prediction programs complemented
the. 1992 set with an additional 56 box cores [rom the dcpositiona I regions and 75
Ponal'""" grab samples in non-depositional area~. Profiles of ::I7Cs, and llOPh were
de[cmlined for tlle 134 box and gravity cores collected between 1992 and 1996
(Robbjn~ ef ~I., 2005). Venicat sediment transport models were used to interpret
profiles, providi,og contour maps of open lake state variables such as net mass
accumulation rates, rates and depths ofnear-sUlface sediment mixing, and residence
times ofpanietes in the mixed layer:

Grain si;t;e distribution

The 286 surface sediment sample$; collected in 1975 were analyzed for grain size
disllibution (Cahm, 1981) along with the] 19 collected during the 1990s (Eodie and
Lozano, 1999). Although rhe former were all collected by a Shipek grab sampler,
and the upper 3 em were composited, the size data '>vere not different from the O­
J em box, gravity, and Ponar~n collections except for three locations where the
newer box core data were used. The resultant data are shown tn figure 5, where
the distribution o.ftine grain «60 lJ.m) materials show pattems similar to those of
lhe sediment accumulation map (figure 4). The deposi tiOl1a Ibasins along the eastern
side of the lake and in the deep northern basin are comprised of nearly 100% less
than 60}lm materials. The mid-lake high and non-depositional regions in the west
and south of the southern basin are low in the fine-gra.ined materials (less than
40% of<60 }lm over this area). The !'outheastern region of highest accumulation
(figure 4) is visually linked tu the deep central basin via a corridor of <(i0 Ilm
matetials.

During tne 1994·96 sediment collection program, the protocol was to first collect
a ponar grab sample and evaluate [TOm that whe,ther a box core collection would
be feasible. In marginal situations, a gravity corewas collected rather than deploying
the more expensive box coring device. The resultant grain size distribution among
the three types of sediments (figure 6) shows that the box. cores, collected in
depositional areas, were comprised mostly of materiafs less than 60 ~un, with the
majority of the mass between 8 and 60 flm. Gr-dvity cores were inkrmediale. The
Ponar samples. as expected, had muell lUore materral in the larger size fractions.
Similarly, (Cahill, 1981} reported that samples from depositional regioni\ had a
smaller mean grain size than non-depositional sediments. and that the mean grain
size in both categories decreased with depth. AH sampling methods recovered
$tmilar mass fractions below 8 Ilm. It appears that significant amounts of fine
materials can be occluded in sandy inshore deposits. These deposits. can "sequester"
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Fig. 5. The distribution of surface sediments with grain sizes of <60 1m.
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There were 54 box core, trom depo;:itionHI area, .'i gr.ivily c:O(C~ Irom im<:rmcdint,~ Mca~. and 58
l'onar gr.lb sample" frOOl nrlll-ckpDsitionaJ areas.. £Tor bar.; represent I standflru ckviation.

contaminant laden fines thnt can, under sufficiently encrger ic ne.:lr bottom current
regimes, can be transferred back to overlying water.

Organic car-bon and CaCO~

The distribution oforganic C<1rbon from the 2&6 samples col leeted in r975 showe-d
high concentrations in the dcpo::;itionaJ basins (Cahil1, 1981), with several samples
in the soutrreastcm depositional area exceeding 7.5% organic carbon. Thcse vallie;;
were substantially greater than surface (0-1 em} concen tnl tion:; of organic carbon
(figurc-7a) measured in the 1994-96 suite ofcorcs\ thus eliminating the possibility
of combining the data setS'. The higher values measured in the 1975 samples may
he duc to the presence of high concentrations of carbonates in the southern basin
(figure 7b). We found thal a portion of such carbonates were rcsistam to removal
by st<lndarc1 acidification methods and speculatc that these lllay be high r"lg calcite
or dolOInite from the Sihllian dolomite formation in the sOllthem and we~lem regions
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of the Jake and basin (Fo~ter and Folger. 1994). An average of J 2.6% dolomite
was reported (Rossmann etat., 1986) in a grjdofnearshorc «24 m depth) surf<lce
sediments in southeastern. area of the lake. The highest concentrations oforgan ic
carbon in the 1994-95 sediments occur in the deeper portions uftbe lake and l.css
associated with the regions of high sediment accumulation. Carbonates are
concentrated ill the southeastern portion of the lake and are associated with the
depositional areas in the southern part orthe lake. The carbonates are generally
lower in concentration in the northem half of the lake and oot as focused into
dcpositional regions.

Sediments as a reservoir

Many contaminants entering Lake MK:higan arc rapidly removed (scavenged)
from water because of their strong affinity fora variety o[scttling particles. EfTicicnt'
scavenging ensures that, within a few years of introduction, more than 90% of the
input has hem delivered to sediments. Sj'nce the hydraulic residence time of the
Lake is so long (100 yr) compared with characteristic times of residence ill water
(1-2 years), essentially the entire Toad of particle associated. non-degradable
anthropogenic contaminants del fvered during- the past several centuries now rc~i(le

at the bottom oftne I<lkc.
\.Vhile sediments act ~ a vast reservoir ofcontaminants, small amounts continue

to retum to overlying water. Studies (J3~die et al., 1984; Robbins and Eadie, 1991),
have shown Ihat lhis is primarily the result of an annual cycle of sediment
resuspension and redeposition releaf\il\gcollstitlJC'nt~ from sediments back into the
water. The long-term, virtually cxponenrjal post-fallout decline OfZ39pU and (decay­
connected) n'Cs in water ha~ about a 20-ycar time con~tant (Wahlgren el aI.,
1980), which probably charactcri·zes the net rafe of incorporation ofthe~ traccrs
into pcm1ancnt sediments (Robbins. 1982), a relatively long and j~lefflcientprocess,
The exponential character of the decline indicates tbat amounts returned (0 water
originate from a sedimentary pool ofrcsuspendable sediment:; in "vhicn contribut ions
to )( have been time averaged. This probably is a result ofmixil1g ofnear-surface
sediments by a combination ofphysical and. biological proce. e,~.

When t:x8miningthe distribution ofcOlleentration~in "gurfacc" sediments, Olle

must acknowledge that they are conceptually integratin,,; through time. The "age"
of the "surfuce" s[jmple~ spans a range fWn1 0 to 100 years in soutnem Lake
Michigan (Edgington and Robbins, 1976c; Robbins and Edgington. 1975) and from
oto 80 years in Green Bay (Manchesl"er·Nee.svig cl al. 1996). This value can be
esti mated hy dividing the thickness of the sampling interval by the estimate of
sooirnent accumulation rate. Thus, our exercise of measuring concentrations of
various constituents in the upper 1 em of sediment slice:.> through a spectrum of
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Fig. 7, aj. The distribution of surface sediment organic carbon concentration from the 1994-96 samples. The maximum value WllS 49.9 mg OC g-' (5%).
b). The distribution of surface sediment inorganic carbon concentration. represented as CaeO). from the 1994-96 samples. The maximum value was
43.5%.
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time, and the resultant patterns lHay include all or only a portion ofa transient load
(e.g. I PCIi, PCB). Various locations have undergone different levels ofdiagenesis.
During the years that these materials are part of the resllspcndable pool, they
consliture the major non-point source of nutrients and contaminants to the pelagic
system. This materia! serves as a food source for surface deposit feeders and is
consequently mixed during theil' feeding activities, a process termed bioturbation
(Robbins, 1982; Robbins, 1986; Robbins et 31.. 1989). This rool ~l~o is probably
the source for some of the material. that makes up the bemhic nepheloid layer
(Chambers and Eadie, 1981; Eadie and Robbins, 1987) which ptaysa major role in
coupling the inventory of constituents ill surface sediments with overlying take
water throughout the yeaf'. The materials In these tl'an$jenr reservoirs are
biogeochemically transfonned within the lake, then redistributed throughout the
year by a spectnllll of energetic events.

Sediment particles (and their associated nutrients}, radionuclidcs, and exotic
organic compounds afC predominantty transferred within the coasla] :lone of large
lakes and enclosed seas in episodic pulses (storms, spling ronoff). The rcsuspension
ofsurface sed imcnts in Ihe Great l.akes, containing the large inventones of nutrients.
and contaminants deposi ted over the past few deeades, presentfy r\.'~ults in greater
fluxes to the water column thl:ln from external inputs (Brooks and Edgington, 1994;
Eadie ct aL 1984; Eadie and Robbins, 1987; Eadie e{ aL, 1990; Robbins and Eadie,
1991). The trap profiles, along with satellite imagery (Eadie ct aI., 1996-) 3nd other
e\'idenc~show that partidetransport is concentrated in the unstratifwdperiod ~md

appears to be episodic. The most energetic currents and waves occur during
storms. One major event, which appears fo occur annually in southem Lake
Michigan, is the fonnation ofa coastal turbidity plulllein late winter-early spring,
These c\'entf; \vere firs.t documented (Mortimer, 1988) from satdl ite images
obtained during the laIc 1970.'1 and early J980s. for thc ·past several yeafS.
intcnniltent satellite coverage has revealed the presence of the plume in the visible
wavekngths with a clear offshore projection that coincides with the region of
maximum sediment accumulation in the luke. In tbe southern basin of Lake
Michigan, alongshore currents are initiaHy driven by pulses of wind. but can
subsequently reverse- direction <:IS the chardcteristk IWO gyre wind-driven circulation
pattern rotates around the basin as a two cell vorticil)' wave (Belctsky and Schwab,
200 I; Bcletsky ct aL 1999; Saylor et al., 1980; Schvy·ab, 1983). The relaxation
time of this response is in the order of several days. B","Callse the predominant
..vi nds arc from the west, circulation in the southernmost part 0f the sOlltJlem has in
is mor~ fTequently count.erclockwise (cyclonic) than clockwise. Because of the
orientation of Lake Michigan, northerly winds generate the largest waves (in the
southern basin), and, therefore, the greatest energy available for re:mspension of
nearshore ~edimelltarymaterial, and would also contribute to southward transport
very near the shore in the sOlltll\vestern part of the laKe (LOU ct aI., 20(0).
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A population :)f over 10 million residing within the basin coupled with its long
hydraulic residence time has resulted in critical issues relating to anthropogenic
contaminants. Analysis of the composition of the 1975 sedimentsamptes (Cahill,
1981; Cahill and Shimp, 1984) concluded that tIle depositional and non-depositional
areas could be del ineated from grain size in formation. T~ace elements, such as Br,
Cr, Cu, Ph, and Zn were highly enriched in surf~ce $ediments 0f depositional
regions. Organochlorine compounds in these same surface sediments, analyzed
with apacked column Ge, also were highest in depositional regions (Frank et al"
(981), although differences in the concentration pattems in sediments implied
spec ifie sources, such as the Fox River, and the Milwaukee and Waukegan Harbors
for PCBs.

PCB manufacture and use were banned in 1977, but interest in this suite of
c0mpo.unds has continued, since they may cause ckonic harm as endocrine
disrupters. They ~erve as an exampk of the pathways of hydrophobic organic
materials in the lake. Sedimenf samples collected from 1978 to 1980 in the southern
basin, and analyzed llsing a high-resolution capillary Ge, showed partems similar
to the 1975 data (Frank et a1., 198 I). Average PCB concentration in the depositionaI
regions wa:; 81 ng g-J and only 7.2 ngg-J in the non-depositional regions examined.
The ~urvey also found very high concentrations ofPCB in1he Waukegan Harbor
(up to 3,600,000 ng g-l). In two sets of dated cores, estimates ofPeB flux to the
sediments of Lake Michigan range fi:om 6.9 to 10 ~lg m-2 y.! (Hemlanson et aL,
1991; Strachan and Eiscnrcich. j 988; Swackllamer and Armstrong, 1988). PCB
inventories, corrected for focusinR, ranged [rom 24 to 144, with an average of 67
ng em':!. (Hermunson et a!.. 1991) ond 80-205. with an average of 125 ng cm-1

(Golden el al., 1993) in the open lake.
The concentration of PCBs in Green Bay is higher than the open lake due to

the large inputs from the .Fox River. Concentrations ncar the river mouth have
been measured at 2,730 (Swackhamer and Armstrong, 19&8) and 2,000 ng g.1
(Hennanson et al.. 1991). Congener dish'ibution in the bay is different from the
open lake with higher concentrations of lower chlorinated materials present in the
bay. A long h.istory of PCB use in the paper industry along the Fox River and
these high PCB concentrations led to a major EPA study in the late 19lWs. A
major sediment survey (169- sites) was undertaken to map PCBs and sediment
accumulation in the bay (Mallchester-Neesvig et aI., 1996). Both maximum sediment
accumulation rates and maximum PCB concentralions were confined to the
southem portion of the bay. It was estimated that the bay contains 8,500 Kg of
total PCB.

Mercury concentrations in recent sedimenl"i have been reported several times
(Cahill, 1981; Ketmedy eta1 .. 1971) and have recentty been summarized (RossmafUl,
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2002). Concentration patterns for the three studies are generaBy similar, appear to
be declining, and generally conform to bathymetry, with some elevation in the
southeastern depositional region. Concentrations in the 118 locations collected
from 1994-96 ranged from 2-260 ng g-l and averaged 78 ng g-J. The estimated
flux into the depositional basins was 7.2 ng cm-~ yolo Higher concentrations and
f111xes were fOWld in Green Bay (Rossmann and Edgington, 2000), with con­
centrations up to 1100 ng g-] and the average flux to the sediment was 20 ng g-I.

The lake sediments thus represent a major transient reservoir for the particlc­
associated matertals delivered to the lake. In-lake mixing processes and local
bioturbation combine to create a reservoir representing decades of inputs available
for exchange through resuspension and biological pathways. Large episodic events
resuspend, sort, and transport these materials from temporary sinks to morc
permanent sinks with a small fraction becoming incorporated annually into the
sediments of the depositional basins. The lake average time constant for this
removal is estimated to be 20 years. During these resuspension events, there is an
opportunity for 111e lake 10 re-equilibrate with the constituents in the resllspendable
pool of the sediments representing years to decades of constituent loading.

Sumnulry

Lake Michigan sediments are a dynamic reservoir of materials. In-lake mixing
processes and local bioturbation combine to create a reservoir representing decades
of inputs available for exchange through resuspension and biological pathways.
B luff erosion is the main external source (ca. 66%) ofnew particulate· material to
Lake Michigan with tributary and aeolian particulate matter contributing about
12% each. These materials acquire signatures characteristic of the lake and migrate
toward depositional basins, pri manly along the eastern slope of the lake. The majority
of this transport occurs within a few years, although the migration continues for
over a decade. Transient internal sources of particulate maUer, biogenic silica,
organic matter, and carbonates, eventually average about 15-20% ofscdiments in
the depositional basins of the lake. Over 50% ohhe bottom of the lake does not
pennanently accumulate sediments, and this pattern has remained consistent for
thouS(lnds of years. At the present time these depositional basins conrain vast
quantities of excess nutrienls and contaminants delivered over the past century.
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